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ABSTRACT 

Using the 1 Ms Chandra Deep Field North and 15 pm ISOCAM HDF-N surveys we find a tight correlation 
between the population of strongly evolving starbursts discovered in faint 15 pm ISOCAM surveys and the appar- 
ently normal galaxy population detected in deep X-ray surveys. Up to 100% of the X-ray detected emission-line 
galaxies (ELGs) have 15 pm counterparts, in contrast to 10-20% of the X-ray detected absorption-line galaxies 
and AGN-dominated sources. None of the X-ray detected ELGs is detected in the hard band (2-8 keV), and 
their stacked-average X-ray spectral slope of T« 2.0 suggests a low fraction of obscured AGN activity within 
the X-ray detected ELG population. The characteristics of the z = 0.4-1.3 X-ray detected ELGs are consistent 
with those expected for M82 and NGC 3256-type starbursts; these X-ray detected ELGs contribute rj 2% of the 
0.5-8.0 keV X-ray background. The only statistical difference between the X-ray detected and X-ray undetected 
15 pm selected ELGs is that a much larger fraction of the former have radio emission. 

Subject headings: infrared: galaxies — X-rays: galaxies — galaxies: active — galaxies: starburst 



1. INTRODUCTION 

Faint 15 pm ISOCAM surveys have revealed a large pop- 
ulation of strongly evolving luminous infrared (IR) starbursts 
at z rj 1 (e.g., Aussel etal. 1999; Elbaz etal. 1999; Elbaz 
etal. 2002). The space density of these sources is an order of 
magnitude higher than that found for luminous IR starbursts in 
the local Universe (i.e., z ~ 0.1). Although these sources only 
account for a small fraction of the star-forming galaxy pop- 
ulation, they are likely to contribute a significant fraction of 
the star-formation history of the Universe (e.g., Chary & Elbaz 
2001; Elbaz etal. 2002). 

In this Letter we use the 1 Ms Chandra Deep Field-North 
(CDF-N; Brandt etal. 2001b, hereafter Paper V) and ISO- 
CAM HDF-N (Aussel etal. 1999, 2002) surveys to show that 
these strongly evolving luminous IR starbursts are identified 
with the population of apparently normal galaxies detected in 
deep X-ray surveys (e.g., Giacconi etal. 2001; Hornschemeier 
et al. 2001, hereafter Paper II; Brandt et al. 2001a, hereafter Pa- 
per IV). Previous cross-identification studies have shown that 
rj 20% of the ISOCAM sources are AGN-dominated; how- 
ever, few constraints have been placed on the larger fraction 
of ISOCAM sources that do not have obvious AGN activity 
(e.g., Paper II; Paper IV; Fadda et al. 2002). The primary fo- 
cus of this paper is to place constraints on the X-ray prop- 
erties of these sources. The Galactic column density toward 
the CDF-N is (1.6 ±0.4) x 10 20 cm" 2 (Stark etal. 1992), and 
Ho = 65 km s _1 Mpc~', £)m = h, and £1^ = § are adopted 
throughout this Letter. 



the 15 pm ISOCAM observations is close to the CDF-N aim 
point. Forty-nine high-significance X-ray sources (i.e., WAVDE- 
TECT false-positive probability threshold of 10~ 7 ) are detected 
in this area down to on-axis 0.5-2.0 keV (soft-band) and 2- 
8 keV (hard-band) flux limits of rj 3 x 10~ 17 erg cm~ 2 s and 
rj 2 x 10~ 16 erg cm~ 2 s _1 , respectively (Paper V). 

The ISOCAM observations were performed at 6.7 pm and 
15 pm. Because of the significantly smaller field-of-view of 
the 6.7 pm observations and the small number of sources de- 
tected, only the 15 observations are considered here. Dis- 
crete sources are detected down to /i5^ m RJ 20 p]y, although the 
ISOCAM observations are far from complete at this depth. In 
this study we focus on the 41 sources with fis^ m > 100 p]y in 
the complete 15 pm selected sample of Aussel et al. (2002). 

3. THE INFRARED-X-RAY CONNECTION 



3.1. Basic source properties 

Optical (/-band) sources taken from the photometric catalog 
produced in Alexander etal. (2001b, hereafter Paper VI) were 
matched to X-ray and 15 pm sources using matching radii of 
1" and 3", respectively (see Paper VI; Aussel et al. 2002). 1 The 
15 pm sources have / = 18-23, and all but one source have red- 
shifts in the catalogs of Cohen etal. (2000), Cohen (2001) or 
Dawson et al. (2001). By contrast, rj 40% of the X-ray sources 
in the 15 pm ISOCAM region have / > 23, although all but two 
of the I <23 sources have redshifts. 

In total 14 of the 41 15 pm sources have X-ray counter- 
parts in the high-significance X-ray source catalog. 2 However, 
given the comparitively low source density of 15 pm sources, 
we can search for lower significance X-ray sources associated 
with 15 pm sources without introducing a significant number of 
spurious X-ray detections. We ran WAVDETECT with a false- 
positive probability threshold of 10~ 5 and found six further 

1 The /-band photometric catalog was produced using the Barger et al. (1999) image publicly available from http://www.ifa.hawaii.edu/~cowie/hdflank/hdflank;.html. 

2 X-ray sources detected in the soft band (0.5-2.0 keV), hard band (2-8 keV) or full band (0.5-8.0 keV) are matched to 15 fim counterparts. 



2. INFRARED AND X-RAY OBSERVATIONS 

The 1 Ms CDF-N observations were centered on the HDF-N 
(Williams etal. 1996) and cover rj 450 arcmin 2 (Paper V). The 
RJ 21.5 arcmin 2 region of the CDF-N survey coincident with 
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FIG. 1. — Full-band X-ray flux versus 15 ,um flux density. The filled cir- 
cles are the X-ray-IR matched sources, and the open circles are the X-ray-only 
sources. Characters inside the circles indicate different source types: "E" in- 
dicates ELGs, "A" indicates ALGs, "?" indicates sources that do not have 
spectroscopic classifications, and overlaid crosses indicate AGN-dominated 
sources; see §3.2. IR sources not detected with X-ray emission are plotted 
only as upper limit arrows. The diagonal lines indicate constant flux ratios and 
the unshaded region indicates the IR sources that lie within the 15 fjm sample 
definition. 



matches to 15 sources; we would expect « 0.01 of these 
six X-ray sources to be spurious. Finally, we calculated X-ray 
upper limits for the 21 X-ray undetected 15 /jm sources follow- 
ing §3.2. 1 of Paper V. The fraction of 15 /jm sources with X-ray 
counterparts is 49l[ 4 % (see Figure l). 3 

We also matched the X-ray sources to the 15 sources in 
the fainter 15 /jm sample of Aussel etal. (1999) and computed 
15 ,um 3a upper limits for all the X-ray sources without 15 /urn 
counterparts following Aussel etal. (2002). Five X-ray sources 
have 15 /jm detected counterparts with /is^m < 100 /jJy (see 
Figure 1); these 15 /jm sources fall below our sample threshold 
and are not included in any further discussion. 



FIG. 2. — Full-band X-ray flux versus /-band magnitude. All symbols have 
the same meaning as in Figure 1 . The diagonal lines indicate constant flux ra- 
tios. The shaded regions show the flux ratios of the AGN-dominated sources, 
X-ray detected starbursts and X-ray detected normal galaxies (see §3.3 and §4 
for justification); these regions should be considered approximate. 



luminosity > 3 x 10 erg s , or a flat effective X-ray spec- 
tral slope (i.e., T < 1.0, an indicator of obscured AGN activ- 
ity). 4,5 Clearly there can be AGN-dominated sources not se- 
lected by these criteria (e.g., an AGN with T > 1.0 and a rest- 
frame 0.5-8.0 keV luminosity < 3 x 10 42 erg s _1 ). We consid- 
ered a source to be an ELG if it is not AGN dominated and has 
a classification including an "E" or "I" in Cohen etal. (2000). 
All sources with an "A" classification in Cohen et al. (2000) are 
considered ALGs; ALGs comprise both elliptical and quiescent 
spiral galaxies and can be AGN dominated. 



3.3. AGN-dominated sources 

In Figure 2 we show the full-band X-ray flux versus I- 
band magnitude for all of the 15 /jm and X-ray detected 
sources. Almost all of the 19 AGN-dominated sources have 
log(^) > — 1, consistent with the findings from previous X- 



3.2. Source-type classification 

We have classified our sources since AGN-dominated 
sources are predicted to have different X-ray-to-IR flux ra- 
tios than non-AGN dominated sources (see Barcons et al. 1995; 
Alexander etal. 2001a). We adopt three source-type clas- 
sifications: AGN-dominated sources, emission-line galax- 
ies (ELGs), and absorption-line galaxies (ALGs). We con- 
sidered a source to be AGN-dominated if it has either 
a "Q" (i.e., broad emission lines) optical spectral classifi- 
cation from Cohen etal. (2000), a rest-frame 0.5-8.0 keV 

3 All errors are taken from Tables 1 and 2 of Gehrels (1986) and correspond to the la level; these were calculated assuming Poisson statistics. 

4 All X-ray luminosities in this paper are calculated conservatively assuming T = 2.0 and no intrinsic or Galactic absorption. 

5 When determining if a source has a flat X-ray spectral slope, we only considered sources bright enough to place meaningful constraints (see §3.2. 1 in Paper V). 



ray surveys (e.g., Schmidt etal. 1998; Akiyama etal. 2000). 
Four AGN-dominated sources have 15 /jm counterparts. The 
resulting fraction (21+Jj%) is consistent with that found by 
Fadda et al. (2002) and should be considered an upper limit 
since many of the unclassified sources with log(^) > — 1 are 
probably also AGN dominated. These four AGN-dominated 
sources are among the X-ray brightest sources (i.e., full-band 
fluxes > 2 x 10~ 15 erg cm~ 2 s~'). Assuming the highest 
X-ray-to-IR flux ratio of these AGN-dominated sources [i.e., 
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log(|j|) « 0.5], an AGN-dominated source at the X-ray flux 
limit of our survey will have /is^ m « 1 /jJy; see §4 for discus- 
sion of deeper IR observations. 

3.4. Emission-line galaxies 

Fifteen of the 18 X-ray detected ELGs have 15 counter- 
parts; see Figure 2. The three sources not detected at 15 ji/m 
have distinctive properties suggesting that their X-ray emission 
may well be AGN dominated. For example, all three sources 
have hard-band counterparts while none of the 15 sources de- 
tected at 15 /jm has a hard-band counterpart. Furthermore, 
one of the three sources has an X-ray-to-optical flux ratio typ- 
ical of an AGN-dominated source while another source is only 
detected in the hard band, suggesting it contains an obscured 
AGN. 6 These three 15 jim undetected sources are excluded 
from further analysis of the X-ray detected ELGs as they are 
probably AGN dominated. Therefore, our results suggest that 
up to 100% of the X-ray detected ELGs (without AGN) have 
15 /jm counterparts. Since 15 fim detected ELGs only account 
for w 20% of the R < 23.5 ELG population in this region [as 
determined from the Cohen etal. (2000) data], this implies an 
association between the production of X-ray and IR emission 
in these sources. 

All of the X-ray detected ELGs have faint X-ray emission 
(i.e., full-band fluxes < 5 x 10~ 16 erg cm~ 2 s -1 ), showing clear 
differences in the X-ray-to-IR and X-ray-to-optical emission 
relationships of AGN-dominated sources and X-ray detected 
ELGs (see Figures 1 and 2). While these sources are clearly 
not AGN-dominated, a fraction may contain a hidden (i.e., ob- 
scured) AGN as revealed by a flat X-ray spectral slope. Al- 
though none of the sources is detected in the hard band, we 
can stack the individual non-detections to provide a statistical 
constraint following §3.3 of Paper VI. This provides a detec- 
tion in the hard band corresponding to an average band ratio 
(the ratio of hard-band to soft-band count rate) of 0.21 ± 0.04, 
corresponding to an effective photon index of T « 2.0. To 
help interpret this result, we also stacked the 17 optically faint 
(i.e., / > 24) X-ray sources in Paper VI with full-band fluxes 
< 5 x 10~ 16 erg cm~ 2 s~ ! ; the majority of these sources are 
thought to be obscured AGN. The average band ratio from this 
stacking analysis is 0.62+qq£ (r « 1.3), substantially higher 
than that found for the ELGs. The reason for this difference is 
clear: 59+ 2 g% of the optically faint X-ray sources have hard- 
band detections. Since we applied the same full-band flux limit 
to both samples, and thus took into account the high hard-band 
background, these results suggest a low fraction of obscured 
AGN within the ELG sample. 

3.5. Absorption-line galaxies 

Only one (13^?%) of the eight X -ray detected ALGs has a 
15 pm counterpart, in stark contrast to the higher 15 pm match- 
ing fraction found for the X-ray detected ELGs; see Figure 2. 
This difference could be due to either enhanced X-ray emission 
(e.g., an AGN component) or decreased IR emission (e.g., a 
weaker dust-emission component). Indeed, two ALGs are clas- 
sified as AGN-dominated (see Figure 2), and the radio prop- 
erties of a further fraction also indicate AGN activity (Bauer 
etal. 2002). However, if the absence of 15 /am counterparts 
in the other sources is due to a weaker dust-emission compo- 
nent, then their 15 /am emission is likely to be dominated by 

6 This latter source was not bright enough to place meaningful constraints on its X- 



3 







l 

M82 




1 

NGC 3256 


















— 










CO 














lO 
































d 








- 








o 


CO 










CO 




t — i 


LO 


























o 




d 


d 










CD 




lO 












CO 






cv 
















<-! 




C\3 






o 




d 












CO 


cn 




r- 




CO 


LO 






i>- 


00 




LO 












o 


o 




LO 


CO 


CO 


cx? 






d 


d 


I i 


d 


d 


d 







39 



40 



41 



42 



Log rest-frame 0.5-2.0 keV luminosity 



FIG. 3. — Rest-frame soft-band X-ray luminosity histogram for the X- 
ray detected ELGs with 15 ,um counterparts. Individual source redshifts are 
shown (compare to Figure 2 in Paper VIII). The soft-band X-ray luminosities 
of the starburst galaxies M82 and NGC 3256 are indicated. The apparently 
bi-modality in the X-ray luminosities of the normal galaxies (unshaded) and 
starburst galaxies (shaded) is due to the small number of objects investigated 
here. 



starlight. Following §3.4.3 of Alexander etal. (2002), the es- 
timated 15 /jm flux densities from starlight for these sources 
are 5^10 /jJy, below the flux threshold of the 15 /jm sam- 
ple. Direct evidence for starlight emission is found in one 
source that is detected at 6.7 fjm but not at 15 /jm (CXO- 
HDFN J123649. 5+621345; see Paper IV). Our estimated 15 jjm 
flux density (/is^ m = 40 /jJy) is consistent with the upper limit 
for this source if < 52 /jJy). 

4. DISCUSSION 

Studies of the faint 15 pm source population have shown that 
these sources are mostly luminous IR starburst galaxies un- 
dergoing intense dust-enshrouded star-formation activity that 
is re-radiated at IR wavelengths (e.g., Chary & Elbaz 2001). 
By cross-identifying the sources detected in the 1 Ms CDF- 
N and 15 ISOCAM HDF-N surveys, we have shown that 
this starburst population is associated with the population of 
apparently normal galaxies detected at faint X-ray fluxes (e.g., 
Giacconi etal. 2001; Paper II; Paper VI). With small X-ray- 
to-optical and X-ray-to-IR flux ratios [i.e., log(^) £j — 1 and 

l°g( < — 1-5, respectively], these X-ray detected ELGs are 
clearly different from AGN-dominated sources. None of the 
X-ray detected ELGs is detected in the hard band (2-8 keV), 
and their stacked-average X-ray spectral slope of T « 2.0 sug- 
gests a low fraction of obscured AGN activity within the X-ray 
detected ELG population. 

ray spectral slope (see §3.2.1 in Paper V). 
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The range of rest-frame soft-band luminosities for the 11 
z = 0.4-1 .3 X-ray detected ELGs suggests they are probably X- 
ray detected starburst galaxies similar to M82 and NGC 3256 
(see Figure 3; e.g., Griffiths etal.2000; Lira etal.2002). The 
most X-ray luminous sources are up to « 3 times more lumi- 
nous than NGC 3256, the most X-ray luminous nearby star- 
burst galaxy. The range of vLis^m luminosities («2x 10 10 to 
« 2 x 1O 12 L depending on the ^-correction used; e.g., El- 
baz et al. 2002) are also consistent with M82 and NGC 3256- 
type starbursts. 7 Moran, Lehnert, & Helfand (1999) predicted 
that X-ray detected starbursts would contribute w 5-30% of 
the X-ray background (XRB). However, the total soft and 
hard band fluxes of the X-ray detected starbursts in this study 
(7.7 x 10~ 16 erg cm~ 2 s _1 and 1.5 x 10~ 15 erg cm~ 2 s _1 , re- 
spectively) only account for w 2% of the XRB (assuming the 
XRB flux densities given in Garmire etal. 2002). This fraction 
is below the lower limit given by Moran et al. (1999), although 
we note that these X-ray observations have probably not fully 
resolved the XRB (e.g., Cowie et al. 2002) and we might expect 
these sources to dominate the faint X-ray source counts. 

The large fraction of X-ray detected ELGs with 15 /jm coun- 
terparts suggests an association between the production of X- 
ray and IR emission. Since the 15 /jm emission is considered 
an unobscured indicator of star-formation rate (e.g., Rowan- 
Robinson et al. 1997), this further suggests that the X-ray emis- 
sion can provide an indication of star-formation rate. However, 
we urge caution since the 17 15 /jm detected ELGs undetected 
at X-ray energies have /-band magnitude, I K color, V — I 
color, 15 /jm flux density, and redshift distributions indistin- 
guishable from the 1 1 X-ray detected starbursts (a Kolmogorov- 
Smirnov test gives probabilities of 98%, 97%, 48%, 78% and 
55%, respectively). 8 These results suggest a broad range of 



X-ray luminosities for starbursts of similar IR luminosities and 
implies that there may be another factor that effects the produc- 
tion of the X-ray emission. The lack of a statistical difference 
between the V — I and I K colors suggest that galaxy type and 
dust extinction effects are not important. However, we note that 
a much larger fraction of the X-ray detected starbursts have ra- 
dio counterparts; see Bauer et al. (2002) for further constraints. 

The four z < 0.2 sources have X-ray luminosities typi- 
cal of normal galaxies (i.e., < 10 40 erg s _1 ; see Figure 3; 
Hornschemeier et al. 2002, hereafter Paper VIII). Their average 
vi^m luminosity of « 6 x 10 8 L© is also typical of normal 
galaxies. These sources arise at smaller X-ray-to-optical flux 
ratios than the X-ray detected starbursts [i.e., log(^) ^ — 2]. 
Thus to detect higher redshift normal galaxies will require ei- 
ther deeper Chandra observations or the application of X-ray 
stacking techniques (e.g., Paper VIII). 

Deeper IR observations (i.e., GOODS 9 ) are planned with 
SIRTF over « 160 arcmin 2 of the most sensitive region of the 
CDF-N: these should reach a depth in the 24 [im MIPS band to 
an equivalent 15 /am flux density of w 10 /iJy. In addition to 
providing a sample of « 100 X-ray detected ELGs with 24 /jm 
counterparts, these observations should be deep enough to de- 
tect counterparts for the majority of the X-ray detected ALGs 
and AGN-dominated sources. 
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